Antimonite (SbIII) is transported into plants via aquaglyceroporin channels but it is unknown in Ashyperaccumulator Ptreis vittata (PV). We tested the effects of SbIII analogs (arsenite-AsIII, glycerol, silicic acid-Si, and, glucose), antimonate (SbV) analog (phosphate-P), and aquaglyceroporin transporter inhibitor (silver, Ag) on the uptake of SbIII or SbV by PV gametophytes. PV gametophytes were grown in 20% Hoagland solution containing 65 mM SbIII or SbV and increasing concentrations of analogs at 65 e6500 mM for 2 h or 4 h under sterile condition. After exposing to 65 mM Sb for 2 h, PV accumulated 767 mg/kg Sb in SbIII treatment and 419 mg/kg in SbV treatment. SbIII uptake by PV gametophytes was not impacted by glycerol or AsIII nor aquaglyceroporin inhibitor Ag during 2 h exposure. While Si increased SbIII uptake and glucose decreased SbIII uptake by PV gametophytes, the impact disappeared during 4 h exposure. Under P-sufficient condition, P increased SbIII uptake and decreased SbV uptake during 2 h exposure, but the effect again disappeared after 4 h. After being P-starved for 2 weeks, P decreased SbIII with no effect on SbV uptake during 2 h exposure. Our results indicated that: 1) PV gametophytes could serve as an efficient model to study Sb uptake, and 2) unique SbIII uptake by PV may be related to its trait of As hyperaccumulation.
Introduction
Antimony (Sb), which is a toxic metalloid and is in the same group as phosphorus (P) and arsenic (As), can cause human diseases such as cancer and respiratory syndromes (Feng et al., 2013) . Being chemical analogs, Sb and As share many chemical properties and both exist in 3 and 5 oxidation state forms in the environment. The 3 oxidation state is found under anoxic conditions, whereas the 5 oxidation state occurs in relatively oxic conditions. Antimony is used in the manufacture of semiconductors, batteries, bullets, and flame retardants (Abin and Hollibaugh, 2013) . As the ninth of most mined-metal worldwide, Sb is an emerging element of concern to human health and the environment (Abin and Hollibaugh, 2013; Feng et al., 2013) . Crops growing in Sbcontaminated sites are the major source for dietary Sb intake. However, there is limited knowledge about plant Sb uptake and accumulation (Feng et al., 2013) . Antimony concentrations in plant tissues are typically 0.01e0.1 mg/kg, with levels of 5e10 mg/kg causing phytotoxicity and growth reduction (Feng et al., 2013; Xue et al., 2014) . However, rice exhibits increased Sb tolerance and can accumulate 66 mg/kg Sb in the leaves without showing growth reduction (Feng et al., 2013) .
The aquaglyceroporin channels transport glycerol and metalloids including SbIII, AsIII, boric acid, and silicic acid, which are structurally similar to glycerol (Bhattacharjee et al., 2008) . With similar neutral charge and a slightly smaller size, it is easier for aquaglyceroporin channels to transport SbIII than glycerol (Table 1) . Arabidopsis thaliana takes up neutral species of SbIII and AsIII via aquaglyceroporin channels but with different affinities. For example, the transport protein AtNIP5; 1 and AtNIP6; 1 favor uptake of AsIII over SbIII and AtNIP7; 1 favors uptake of SbIII over AsIII (Bhattacharjee et al., 2008) . Similarly, in rice plants, AsIII and SbIII are taken up via the same channel and as such SbIII inhibits AsIII uptake. For example, presence of 0.5 mM SbIII reduces AsIII uptake by 50% in rice growing for 20 min in water containing 0.1 mM AsIII (Meharg and Jardine, 2003) . Glucose has been reported to share the same pathway with AsIII in yeast (Liu et al., 2004) , but it has no impact on AsIII uptake by rice (Meharg and Jardine, 2003) .
Similar to Arabidopsis, SbIII and AsIII uptake by Ashyperaccumulator Pteris vittata (PV) sporophytes probably use aquaglyceroporin channels (Kamiya and Fujiwara, 2009; Meharg and Jardine, 2003) . However, previous study suggested that PV sporophytes may have a different pathway (Mathews et al., 2011) . Mathews et al. (2011) showed SbIII does not impact AsIII uptake by PV sporophytes. In addition, once absorbed, As is rapidly translocated to the fronds, whereas Sb is primarily accumulated in the roots (Mathews et al., 2011; Tisarum et al., 2014) . Furthermore, AsIII uptake by PV sporophytes is not inhibited by other neutral species such as silicic acid, boric acid, SbIII, and glycerol (Mathews et al., 2011; Wang et al., 2010) , suggesting PV sporophytes might take up AsIII via different aquaglyceroporin channels. Wang et al. (2010) showed that 0.5 mM silicic acid and 0.3 mM boric acid have no impact on PV sporophytes uptake of 15 mM AsIII during 1 d growth in 20% Hoagland solution (HS). Mathews et al. (2011) demonstrated that 1 h uptake of 0.1 mM AsIII in water is not inhibited by 100 mM glycerol or SbIII. They used a 1 h treatment to prevent AsIII oxidation in the media, which may have been too short to demonstrate the competition. Mathews et al. (2011) observed uptake inhibition of 0.1 mM AsIII in PV sporophytes by 0.01 mM AgNO 3 . However, increasing AgNO 3 concentration to 0.1 mM does not show stronger inhibition. They suggested that PV sporophytes take up AsIII via a Ag-sensitive AsIII channel (Mathews et al., 2011) .
There are several reports on SbIII uptake via aquaglyceroporins, but to date, no SbV-specific transporters have been identified. Arsenate is known to enter plants via P transporters (Wang et al., 2002) , but SbV does not use P transporter (Tschan et al., 2008) . In experiments using maize and sunflower, there is no interaction between SbV and P, likely due to their distinct differences in structure and size (Table 1 ). The structure of P and AsV are tetrahedral, while SbV is octahedral in aqueous solution (Tschan et al., 2008) .
There is no evidence of SbV impact on P uptake in PV sporophytes but it has been reported that AsV impacts SbV uptake in PV sporophytes (Müller et al., 2013) . Adding 5 mg/kg AsV to PV sporophytes growing in quartz substrate containing 5 mg/kg SbV increased SbV uptake from 49 to 84 mg/kg Sb, but did not enhance Sb translocation to the fronds (Müller et al., 2013) . The authors suggested AsV probably changes membrane integrity of the roots, allowing SbV to enter indirectly (Müller et al., 2013) . Thus impact of P on Sb uptake by PV was included in this study as it might act like AsV by increasing SbV uptake.
Because the oxidation state of Sb and As are influenced by rhizosphere microflora, in this work, we used sterile PV gametophytes cultured under sterile condition to minimize SbIII oxidation. Gametophytes are known to hyperaccumulate As (Gumaelius et al., 2004) , so we expected that PV gametophytes would take up Sb similar to PV sporophytes.
Thus, the goals of this study were to use rapidly-growing uniform PV gametophyte cultures to study SbIII and SbV uptake by PV. First, we evaluated the impact of SbIII and SbV concentrations on growth of PV gametophytes. Using non-toxic Sb uptake doses and under sterile condition, we examined: 1) the effects of SbIII competitors including glycerol, silicic acid, glucose, AsIII, and aquaporin inhibitor silver (Ag) on SbIII uptake by PV gametophytes, and 2) SbV competitors of P on SbIII and SbV uptake by PV gametophytes.
Materials and methods

Gametophyte culture
PV spores of~20 mg were surface-sterilized in a 2.0-mL tube by mixing with 1.6 mL solution containing 50% (v/v) sodium hypochlorite for 10 min and centrifuged at 16,000 g for 3 min (Beckman Coulter Microfuge ® 16 Centrifuge). The spores were washed twice in sterile water and then diluted with 1.6 mL sterile water (Gumaelius et al., 2004) . The sterile spore solution was pipetted in 10 mL increments (0.125 mg spore per 10 mL) onto 100 Â 15 mm sterile petri dish containing 50% Murashige & Skoog (MS) agar, pH 6 containing 20 g/L sucrose and incubated with a 12 h photoperiod with photo flux of 350 mmol/m 2 s using cool and warm fluorescent lamps with temperature at 23e28 C and humidity of 70%. After 8 weeks, spores germinated and formed fullydeveloped gametophyte clusters, which were used in the experiment (Fig. 1A) . Table 1 Molecular size and formula of SbIII and SbV in comparison with their analogs (Mathews et al., 2011; Porquet and Filella, 2007; Tschan et al., 2009 6.24 
Antimony accumulation in PV gametophytes
PV gametophyte clusters (8 per replicate;~1.5e2 g fresh weight) were placed in 100 Â 15 mm sterile petri dish containing 6.5, 65, and 650 mM SbIII (0.8, 8 .0, and 80 mg/L) (potassium antimonyltartrate, K 2 Sb 2 (C 4 H 2 O 6 ) 2 ; Fisher, USA) or SbV (potassium hexahydroxyantimonate, KSb(OH) 6 ; SigmaeAldrich, St. Louis, MO) (pH 6, 3 replicates) under sterile conditions. After 2 h of exposure (to avoid SbIII oxidation), the medium was collected and the gametophytes were washed with sterile deionized water 6 times to remove Sb on the surface, and they were analyzed for total Sb as well as Sb speciation (Tisarum et al., 2014; Yang et al., 2007) . Seven PV gametophyte clusters were collected for total Sb analysis. One cluster from each replicate was weighed and placed onto fresh 50% MS agar for 4 weeks to assess Sb toxicity on PV growth.
Antimony competitors and aquaporin inhibitor on SbIII uptake by PV gametophytes
Glycerol (C 3 H 5 (OH) 3 , ACROS, USA), silicic acid (Na 2 SiO 3 .5H 2 O; sodium silicate pentahydrate, Fisher, USA), AsIII (NaAsO 2 , sodium arsenite, Fisher, USA), and glucose (CH 2 OH(CHOH) 4 HCO, Fisher, USA) at concentrations of 0, 0.065, 0.65, and 6.5 mM were mixed with 65 mM SbIII. For the Ag treatment, AgNO 3 (Fisher, USA) at concentrations 1, 10, and 100 mM was applied to PV gametophytes 1 h before adding 65 mM of SbIII or SbV to allow prior aquaglyceroporin inhibition (Mathews et al., 2011) . Five mM 2-(Nmorpholino) ethanesulfonic acid (MES) was added in silicic acid treatments to avoid polymerization from silicic acid (Wang et al., 2010) . NaOH and HCl were used to adjust pH of the media to 6.0. All experiments were performed in triplicate with 1.5e2.0 g gametophyte clusters per replicate.
Effect of P on SbIII and SbV uptake by PV gametophytes
Gametophytes grown in MS medium were placed in solutions containing P (KH 2 PO 4 , Fisher, USA) at concentrations of 0, 0.065, 0.65, and 6.5 mM with 65 mM SbIII or SbV (pH 6.0, 3 replicates).
After 2 h treatment, the media were collected for Sb and P analysis. After washing to remove surface Sb and P, PV gametophytes were determined for total Sb and P. Since P showed impacts on both SbIII and SbV uptake, the experiment was repeated with Sb exposure increased from 2 h to 4 h.
To better understand the impact of P on Sb uptake, PV gametophytes of 8 weeks were P-starved by growing in P-free MS agar media for 9e13 weeks. The impacts of P concentrations on SbIII and SbV uptake were repeated using P-starved gametophytes for 2 h. Since P showed impact on SbIII uptake by PV gametophytes, the impact of SbIII on P uptake was also assessed. P-starved PV gametophytes were placed in 0.65 mM P with 0.65 and 6.5 mM SbIII for 2 h and total Sb and P in the tissues were determined.
Total Sb, Si and P analysis and Sb speciation
For total Sb analysis, PV gametophytes were freeze-dried for 2 d, then ground in liquid nitrogen to a fine powder using a ceramic mortar and pestle. The powdered tissues were freeze-dried for an additional 2 d, and then digested (~50 mg samples) with 1:1 v/v HNO 3 and water and 30% H 2 O 2 (USEPA Method 3050A). Antinomy concentrations in the growth media and plant tissues were determined by GFAAS (Graphite furnace atomic absorption spectrophotometry) (Varian 240Z, Walnut Creek, CA).
Antinomy speciation in the media was determined by Sep-Pak AccellPlus QMA Plus Short cartridges (WAT020545) from Waters. The anion exchanger resins in the cartridges retained SbIII-citrate complex and released SbV-citrate complex (Tisarum et al., 2014) . Total Si was determined by ICPeMS (PerkineElmer Corp., Norwalk, CT). Total P was measured spectrophotometrically at 875 nm using the molybdenum blue reaction at a fixed time (20 min) following addition of the color reagent as P concentration (Carvalho et al., 1998) .
Statistical analysis
Data were presented as the mean of three replicates with error bars representing one standard error of the means. Significant differences were established by using one-way analysis of variance (ANOVA) and treatment means compared by Duncan's multiple range tests at p < 0.05 (v 9.3 SAS Institute Inc., Cary, NC, 2002e2010).
Results and discussions
After exposing to 6.5, 65, and 650 mM SbIII or SbV for 2 h, SbIII or SbV showed no effect on the growth of PV gametophytes, indicating no toxicity under the studied Sb concentrations. PV gametophytes had similar growth rate of 24.8e32.4 mg/d during the 4 weeks of growth after exposing to either SbIII or SbV for 2 h (Table 2) .
Antinomy accumulation in PV gametophytes
PV gametophytes showed preference of SbIII uptake over SbV, similar to our previous study in PV sporophytes (Tisarum et al., 2014) . For example, after 2 h exposure to 6.5 mM Sb, PV gametophytes accumulated 27 mg/kg Sb in SbIII treatment but no Sb was detected in SbV treatment (Table 2) . At 650 mM Sb, 767 mg/kg was accumulated in SbIII treatment compared to 419 mg/kg in SbV treatment. PV gametophytes accumulated 3.8 and 1.8 times more Sb in the tissues after 2 h exposure to 65 and 650 mM SbIII than SbV Table 2 Sb concentrations in the tissues, media and the growth rate of PV gametophytes after 4-week of growth after exposure to 6.5, 65, and 650 mM SbIII or SbV for 2 h. b Increasing weight per day of P. vittata gametophytes after 4 weeks following Sb treatment for 2 h. (Table 2) . Similarly, PV sporophytes accumulated 23 times more Sb concentration in the roots after 24 h exposure to 6.5 mM SbIII than SbV (Tisarum et al., 2014) . Consistent with higher uptake of SbIII in PV gametophytes, Sb decrease in the media was greater in SbIII treatment than SbV treatments (Table 2) . Antinomy in the media after 2 h exposure to PV gametophytes remained the same species (data not shown), suggesting there was no Sb transformation. The results showed that PV gametophytes could be used as an efficient system to investigate Sb uptake in P. vittata. Sb toxicity in plants is usually shown by growth reduction. For example, after growing for 14 d in the presence of 20 mg/L Sb, the biomass of fern plants Cyclosorus dentatus and Microlepia hancei was reduced by 35e38% (Feng et al., 2009) . Despite the high level of Sb accumulation, we did not see toxicity symptoms in PV gametophytes. This suggests that PV gametophytes tolerated to high Sb concentration in the tissues (767 mg/kg; Table 2 ).
Antimonite analogs and aquaglyceroporin inhibitor on SbIII uptake by PV gametophytes
In this study, we tested the impact of SbIII analogs (arsenite, glycerol, silicic acid, and, glucose) on SbIII uptake by PV gametophytes under sterile condition. They are all oxyanions with similar molecular size and they are taken up by plants via aquaglyceroporin channel, thus often compete with each other for plant uptake (Table 1) . PV gametophytes were exposed to 65 mM SbIII and increasing concentrations of SbIII analogs from 65 to 6500 mM. After 2 h exposure to 65 mM SbIII, PV gametophytes accumulated 156e172 mg/kg Sb (Fig. 1B) . Similar to PV sporophyte, addition of 65e6500 mM AsIII or glycerol had little impact on SbIII uptake by PV gametophytes, with SbIII uptake ranging from 131 to 151 mg/kg (Fig. 1B) . Mathews et al. (2011) suggest that AsIII and SbIII uptake by PV sporophyte is probably via different channels, which is consistent with this study using sterile PV gametophytes. This was expected as gametophytes have rhizoid tissues, which act similar to sporophyte roots for taking up nutrients (Racusen, 2002) .
Unlike AsIII or glycerol, addition of glucose at 65 mM reduced SbIII uptake by 30%. Though there was reduction in SbIII uptake at higher glucose concentrations at 650 and 6500 mM, the difference was insignificant (Fig. 2A) . To ensure the impact of glucose on SbIII uptake by PV gametophytes, the test was extended to 4 h, but no impact was observed. Liu et al. (2004) 10 have been reported in alkaline solution containing 10e100 mM SbIII (Shoji et al., 1974) . In this study, SbIII at 65 mM may not polymerize under neutral conditions, therefore showing no competition with glucose.
Different from AsIII, glycerol, or glucose, addition of silicic acid (Si) at 65 mM increased SbIII uptake from 160 to 225 mg/kg (Fig. 2B ).
Again there was no impact at higher Si concentrations at 650 and 6500 mM. To further clarify this relationship, 4 h exposure was conducted but no effect on SbIII uptake was observed (Fig. 2B ). In addition, we have determined total Si concentrations in PV gametophytes. After 2 h exposure to 65e6500 mM Si, Si concentrations in PV gametophytes increased from 69 to 86e203 mg/kg (Fig. 2B ). The data indicated that both SbIII and Si were taken up by PV gametophytes. Silicic acid is a larger molecule than SbIII (Table 1) , thus it is possible for SbIII to use silicic acid channels. However, Si channel might require specific structure than just similar size. Therefore, PV may have different pathways for SbIII and Si uptake because no competition was observed between the two during 4 h exposure (Fig. 2B) . In addition to SbIII analogs, we also tested the impact of aquaglyceroporin inhibitor, i.e., Ag, on SbIII or SbV uptake by PV gametophytes. Silver has been widely used as an aquaglyceroporin inhibitor in studies examining AsIII uptake by plants (Mathews et al., 2011; Nagarajan and Ebbs, 2007) as it is less toxic and more specific in the action than other inhibitors (Mathews et al., 2011) . Silver inhibits aquaglyceroporin by binding to sulfhydryl groups of cysteine near conserved positions (Niemietz and Tyerman, 2002) . This study showed no impact of Ag on either SbV or SbIII uptake, indicating that Ag did not inhibit channels used by SbIII or SbV (Fig. 3) . To confirm if Ag was taken up by PV gametophytes, we determined its concentration in PV. Silver concentration in PV gametophytes increased with increasing Ag dose. At 100 mM Ag, PV gametophytes accumulated 62e68 mg/kg (Fig. 3) .
In a previous study (Mathews et al., 2011) , 10 mM Ag reduced AsIII uptake by PV roots. Our results are consistent with the observation in that PV aquaglyceroporin channel was insensitive to Ag as the permeability of different solutes in PV channel might be controlled by different mechanisms (Jung et al., 2012) . It was interesting to note that PV gametophytes accumulated high Ag concentration at 62e68 mg/kg without tissue damage whereas Ag background in plants is 0.06 mg/kg (Horovitz et al., 1974) .
Effect of P on SbIII and SbV uptake by PV gametophytes
Since P and SbV are both oxyanions of similar size with negative charges (Table 1) , they may compete for uptake by PV gametophytes. We tested the impact of P at 65e6500 mM on SbIII and SbV uptake by PV gametophytes at 65 mM. Adding 6500 mM P increased SbIII uptake from the control at 132 to 176 mg/kg, but decreased SbV uptake from 46 to 37 mg/kg (p < 0.05) (Fig. 4) . However, extending to 4 h exposure, P showed no impact on SbIII or SbV uptake by PV gametophytes (Fig. 4) . This is similar to the impact of glucose and Si where they impacted SbIII uptake during 2 h exposure, but the impact disappeared during 4 h exposure (Fig. 2) . The fact that similar phenomena occurred in four different experiments, the data suggested that initially Sb analogs indeed impacted its uptake by PV gametophytes. However, after 2 h exposure, some changes occurred to PV gametophytes, which allowed them to take up both Sb and its analogs. Further study is needed to confirm this hypothesis.
In addition to Sb concentration, we also determined P concentrations in PV gametophytes. Adding different P concentrations did not change P concentrations in PV gametophytes of SbV treatments but it increased P concentrations in the tissues of SbIII treatments from 3895 to 4754e5043 mg/kg (Fig. 4C) . This result suggested that P-sufficient gametophytes did not respond to additional P supply (Chrispeels et al., 1999) . To further test the impact of P, we repeated the experiment using P-starved condition to activate high-affinity phosphate transporters in PV gametophytes.
After being P-starved for 2 weeks, PV gametophytes took up P related to P dose during the 2 h experiment (Fig. 5) . P-starved gametophytes contained 651e681 mg/kg P after 12 weeks of starvation and increased to 1057e1112 mg/kg P in 6.5 mM P treatment (Fig. 5 ). However, P showed no impact on SbV uptake but reduced SbIII uptake by PV gametophytes, which was different from P-sufficient PV gametophytes (Fig. 4A,B ). While addition of P reduced SbV uptake, it increased SbIII uptake by PV gametophytes during 2 h exposure. It was unclear how P status changed the interactions between P with SbIII or SbV. It was possible that high-affinity and low-affinity phosphate transporters had different affinity for SbIII and SbV, which warrants further study.
Since P negatively impacted SbIII uptake, we investigated the impact of SbIII on P uptake in P-starved gametophytes. After 2 h exposure, gametophytes took up 706 mg/kg Sb at 0.65 mM SbIII, and it increased by 4 times at 6.5 mM SbIII (Fig. 6) . However, SbIII did not impact P uptake as there was no difference in P-starved gametophytes. The high-affinity P system is activated under Pdeficiency to increase P uptake by increasing P transporters, reducing P efflux, mobilizing P from vacuole to cytoplasm, and changing membrane lipid (Raghothama, 1999; Wang et al., 2002) . The PV gametophytes response to the high-affinity P system might change membrane permeability inhibiting SbIII to enter PV gametophytes indirectly. Wang et al. (2002) reported that P shows no impact on AsIII uptake by PV sporophytes after being P-starved for 8 d, suggesting that P and AsIII use different uptake pathways. Opposite result has been reported when PV sporophytes were grown in sand culture. In Wang et al. (2002) , the plants were applied with 0.11 mM AsIII or AsV containing different P concentrations (0.05, 0.30, and 1.00 mM P) for 15 weeks. P reduced AsIII uptake more than that for AsV in both the roots and fronds (Huang et al., 2007) . Our observations of P reducing SbIII uptake in P-starved PV gametophytes (Fig. 5B ) was comparable to their study.
Following P starvation, a resupply of P can cause P toxicity in the plants due to excess P uptake (Raghothama, 1999) . In this study, Pstarved gametophytes might have suffered P toxicity due to excess P uptake (additional 406e431 mg/kg increase from the control of 651e681 mg/kg) after exposure to 6.5 mM P, which impacted SbIII uptake (Fig. 5 ). However, P toxicity hypothesis might not be tenable as P toxicity would also damage PV gametophytes, which would have in turn impacted both SbIII and SbV uptake. It was possible that P uptake reduced SbIII uptake when high-affinity P system was activated but SbIII did not impact P uptake in either low-or highaffinity P system. These results indicated a complex mechanism for P interference of SbIII uptake in PV gametophytes.
This study showed P reduced SbV uptake after 2 h exposure but there was no impact after 4 h exposure, which confirmed different routes for P and SbV uptake by PV gametophytes. Neither P starvation nor the presence of P affected SbV uptake (Figs. 4 and 5) . A different route for SbV and P has been reported in maize and sunflower (Tschan et al., 2008) , and AsV increases SbV uptake in P. vittata sporophytes (Müller et al., 2013 ). An octahedral structure of SbV (Sb(OH) 6 À ) might not share the same route with the tetrahedral structure of P (Table 1) (Tschan et al., 2008; Zangi and Filella, 2012) , however, SbV uptake mechanism in plants is still unclear (Feng et al., 2013) .
Conclusion
Our study indicated that sterile PV gametophyte cultures could be used to investigate Sb transport under controlled conditions. PV gametophytes were tolerant to Sb and had a higher affinity for SbIII Fig. 5 . Effect of P concentrations on Sb and P concentrations in PV gametophytes after 12 week of P-starvation and then exposed to 65 mM SbV (A) or 65 mM SbIII (B) and varying P concentrations for 2 h. Data represent the mean of three replicates with standard error, and bars with same letters are not significantly different (p < 0.05). Fig. 6 . Effect of SbIII on Sb and P concentrations in PV gametophytes after 12 week of P-starvation and then exposed 0.65 mM P and varying SbIII concentration for 2 h. Data represent the mean of three replicates with standard error, and bars with same letters are not significantly different (p < 0.05).
than SbV. SbIII uptake was not inhibited by aquaglyceroporin competitors including glycerol, glucose, silicic acid, and AsIII, and its transport was insensitive to Ag at 1e100 mM. However, P decreased SbIII uptake of P-starved gametophytes, but did not affect SbV uptake. Membrane permeability change under highaffinity P system might be involved in SbIII uptake by PV gametophytes. Together our results suggest that Sb uptake system in P. vittata was different from the characteristics known for P transporters, hexose permeases or aquaglyceroporins and further study is warranted.
